We compared responses to six insecticidal crystal proteins from Bacillus thuringiensis by a Cry1A-resistant strain (NO-QA) and a susceptible strain (LAB-P) of the diamondback moth, Plutella xylostella. The resistant strain showed >100-fold cross-resistance to Cry1J and to H04, a hybrid with domains I and II of Cry1Ab and domain III of Cry1C. Cross-resistance was sixfold to Cry1Bb and threefold to Cry1D. The potency of Cry1I did not differ significantly between the resistant and susceptible strains. Cry2B did not kill resistant or susceptible larvae. By combining these new data with previously published results, we classified responses to 14 insecticidal crystal proteins by strains NO-QA and LAB-P. NO-QA showed high levels of resistance to Cry1Aa, Cry1Ab, and Cry1Ac and high levels of cross-resistance to Cry1F, Cry1J, and H04. Cross-resistance was low or nil to Cry1Ba, Cry1Bb, Cry1C, Cry1D, Cry1I, and Cry2A. Cry1E and Cry2B showed little or no toxicity to susceptible or resistant larvae. In dendrograms based on levels of amino acid sequence similarity among proteins, Cry1F and Cry1J clustered together with Cry1A proteins for domain II, but not for domain I or III. High levels of cross-resistance to Cry1Ab-Cry1C hybrid H04 show that although Cry1C is toxic to NO-QA, domain III of Cry1C is not sufficient to restore toxicity when it is combined with domains I and II of Cry1Ab. Thus, diamondback moth strain NO-QA cross-resistance extends beyond the Cry1A family of proteins to at least two other families that exhibit high levels of amino sequence similarity with Cry1A in domain II (Cry1F and Cry1J) and to a protein that is identical to Cry1Ab in domain II (H04). The results of this study imply that resistance to Cry1A alters interactions between the insect and domain II.
The soil bacterium Bacillus thuringiensis produces insecticidal crystal proteins (ICPs) that are becoming a cornerstone of environmentally benign pest control (9, 11) . However, evolution of resistance by pests can shorten the useful life of B. thuringiensis (16, 29, 35) . Laboratory selection has produced resistance to ICPs in many insects, but so far the diamondback moth (Plutella xylostella) is the only insect to evolve substantial resistance in open-field populations in response to commercial treatments with B. thuringiensis (35, 44) . Widespread deployment of ICP-expressing transgenic varieties of corn, cotton, potato, and other crops, as well as greater use of conventional sprays of B. thuringiensis, will increase the risk of resistance in pests (16, 29, 35) .
If repeated exposure of an insect population to one ICP caused resistance to only that particular ICP, one might be able to counter the resistance simply by switching to a new ICP. Ideally, resistance to one ICP might even cause increased susceptibility to other ICPs (47) . However, the phenomenon of cross-resistance limits the potential for switching ICPs to combat resistance. Cross-resistance occurs when selection with one ICP or set of ICPs reduces susceptibility to other ICPs.
Evaluation of a variety of field-and laboratory-selected strains of moths has revealed a spectrum of outcomes ranging from narrow cross-resistance to broad cross-resistance (13, 17, 18, 28, 30, 39, 41, 42, 45, 47) . In general, resistance that is associated with reduced binding of the toxin to midgut receptors appears to have a narrower spectrum of cross-resistance than resistance that is not associated with reduced binding (12) . Some evidence suggests that resistance to B. thuringiensis in the diamondback moth is associated with reduced binding of Cry1A toxins to midgut receptors (5, 13, 39, 45 ; but see references 10 and 26) . Previous studies of resistance to B. thuringiensis in the diamondback moth have shown that resistance to Cry1A ICPs from B. thuringiensis subsp. kurstaki confers crossresistance to Cry1F, but not cross-resistance to Cry1B, Cry1C, Cry1D, and Cry9C (12, 20, 39, 41, 42, 45) . The binding sites for the latter four ICPs apparently differ from the binding sites for Cry1A ICPs (12, 20, 39, 45) .
Cross-resistance is most likely when toxins share key structural features, which allows one resistance mechanism to confer resistance to more than one toxin. Thus, we hypothesized that cross-resistance in the diamondback moth is related to the extent of amino acid sequence similarity among toxins. Furthermore, we expected the strongest relationship between cross-resistance and amino acid sequence similarity in regions of toxins that interact differently with susceptible and resistant insects. In particular, when resistance is caused by reduced binding of the toxin to midgut receptors (12, 47) , cross-resistance should be related to amino acid sequence similarity in the binding regions of toxins. The ability to test these hypotheses has been limited by the relatively small number of ICPs against which any one resistant strain has been tested.
In the present study, we used bioassays with a Cry1A-resistant strain (NO-QA) and a control susceptible strain (LAB-P) of the diamondback moth to evaluate the following six ICPs: Cry1Bb (formerly CryET5), Cry1D, Cry1I (formerly CryV 1 ), Cry1J (formerly CryET4), Cry2B, and H04 (a hybrid between Cry1Ab and Cry1C). We used the results obtained in combination with previously reported data to characterize crossresistance and analyze the relationship of cross-resistance to amino acid sequence similarity among toxins. Because previous studies have identified domains II and III of B. thuringiensis toxins as determinants of specificity and binding (4, 14, 15, 22, 27, 32, 34, 49) , we focused on the relationship between cross-resistance and amino acid sequence similarity in these regions. Analysis of responses to H04, which contains domains I and II from Cry1Ab and domain III from Cry1C (4), enabled us to directly test the role of these domains in cross-resistance.
MATERIALS AND METHODS
Insects. Larvae were obtained from resistant strain NO-QA and susceptible strain LAB-P colonies of the diamondback moth from Hawaii. Both colonies were reared in the laboratory on cabbage. The resistant colony was started from individuals collected at a watercress farm where exposure in the field had produced about 25-fold resistance to Dipel (36), a commercial formulation of strain HD-1 of B. thuringiensis subsp. kurstaki that contains Cry1Aa, Cry1Ab, Cry1Ac, Cry2A, Cry2B, spores, and formulation ingredients (2) . At the time of this study, the resistant colony had been exposed to Dipel repeatedly in the laboratory and was highly resistant to Dipel. The susceptible colony had been reared in the laboratory for more than 100 generations without exposure to any insecticide. For additional details about the colonies and their maintenance see references 37, 38, and 40.
ICPs. Cry1Bb (GenBank accession number L32020), Cry1D (X54160), and Cry1J (L32019) were obtained from Ecogen strains EG7283, EG7300, and EG7279, respectively. A 500-ml shake flask culture of each strain was harvested by centrifugation, and the spore-crystal pellet was suspended in 100 ml of water and lyophilized with a Virtis Freezemobile 12 apparatus. The concentrations of these ICPs were determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis as described by Baum et al. (3) . Cry1I (L36338; full new name, Cry1Ia3; formerly CryV 1 ) was produced in Escherichia coli containing the cloned ICP gene, and inclusion bodies were prepared as described by Shin et al. (33) . To produce Cry2B (M23724), the Cry2B coding sequences were cloned 3Ј to a Cry3A promoter as described by Dankocsik et al. (7) . This construct was subcloned into an E. coli-Bacillus shuttle vector and transformed into an acrystalliferous strain of B. thuringiensis. H04 was expressed in and purified from an acrystalliferous strain of B. thuringiensis as described by de Maagd et al. (8) .
Bioassays. Larvae were tested for susceptibility to the protoxin form of each ICP by leaf residue bioassays at 28ЊC (36, 38) . In all tests, we added a surfactant (0.2% Triton AG98 [Rohm and Haas]). For each ICP, the susceptible and resistant colonies were tested simultaneously. Each bioassay included a series of at least five concentrations of each ICP. Each concentration was replicated at least three times, with 7 to 11 larvae per replicate.
Data analysis. All analyses of bioassay data were based on mortality at 5 days after initial exposure to ICPs. We used probit analysis (31) to estimate the concentrations expected to kill 50% of the larvae (LC 50 s) and their 95% fiducial limits, as well as the slopes of the concentration-mortality lines and their standard errors (38) . LC 50 s were considered significantly different if their 95% fiducial limits did not overlap. Resistance ratios were calculated by dividing the LC 50 of resistant strain NO-QA by the LC 50 of susceptible strain LAB-P. For the eight ICPs tested previously (39, 41, 42 ) and the six ICPs tested in the present study, we report the percentages of mortality at each of two concentrations for the resistant and susceptible strains. We did not make statistical comparisons among ICPs because we tested various types of protoxin preparations from various sources and we did not test different ICPs simultaneously. Thus, any observed differences among ICPs must be interpreted cautiously. Amino acid sequence similarity was analyzed with the CLUSTAL program of the Intelligenetics PC/GENE package by using the following parameters: k-tuple value, 1; gap penalty, 5; window size, 10; filtering level, 2.5; and open gap cost and unit gap cost, 10. The numbers of residues included in each domain were 33 to 253 for domain I, 265 to 461 for domain II, and 463 to 609 for domain III (19) . In addition to five of the ICPs tested in bioassays in the present study, the following 12 ICPs were included in the similarity analysis: Cry1Aa (U43605), Cry1Ab (M37263), Cry1Ac (U43606), Cry1Ba (X06711; formerly CryIB), Cry1C (X07518), Cry1E (X53985), Cry1F (M63897), Cry1G (Z22510; formerly PrtA), Cry1H (Z22513; formerly PrtC), Cry2A (M31738), Cry9A (X58120; formerly CryIG), and Cry9C (Z37527; formerly CryIH). We used the revised nomenclature for ICPs (6), but for brevity include below only enough characters in each name to enable identification within the context of this paper (e.g., we use Cry1C instead of Cry1Ca1 and Cry1I instead of Cry1Ia3).
RESULTS
Toxicity of Cry1Bb, Cry1D, Cry1I, Cry1J, Cry2B, and H04. Cry1A-resistant strain NO-QA of the diamondback moth was susceptible to Cry1Bb, Cry1D, and Cry1I but not to Cry1J or H04 (Tables 1 and 2 ). For Cry1J and H04, the resistance ratios exceeded 100 (Table 1) , and 10 or 100 mg of protoxin per liter killed 95 to 100% of the larvae of susceptible strain LAB-P but only 0 to 7% of the resistant strain larvae ( Table 2 ). The resistance ratios were 6 for Cry1Bb, 3 for Cry1D, and 3 for Cry1I ( Table 1) . The difference in LC 50 s between strains was significant (as determined by nonoverlap of 95% fiducial limits) for Cry1Bb and Cry1D, but not for Cry1I (Table 1) . At the highest concentration tested (300 mg/liter), Cry2B killed only 2% of the LAB-P larvae and no NO-QA larvae ( Table 2) .
Summary of resistance and cross-resistance. On the basis of the bioassay results obtained in the present study and the results extracted from previous publications (Tables 1 and 2) , we classified the responses to 14 B. thuringiensis ICPs by diamondback moth strains NO-QA and LAB-P. NO-QA showed high levels of resistance to Cry1Aa, Cry1Ab, and Cry1Ac and high levels of cross-resistance to Cry1F, Cry1J, and H04. For each of these six ICPs, the resistance ratios were greater than 2840 TABASHNIK ET AL. APPL. ENVIRON. MICROBIOL. NO-QA was lower by at least 90% than that in LAB-P. NO-QA showed little or no cross-resistance to Cry1Ba, Cry1Bb, Cry1C, Cry1D, Cry1I, and Cry2A. Although NO-QA was significantly less susceptible than LAB-P to Cry1Bb (Table  1) , Cry1D (Table 1) , and Cry2A (42), the highest resistance ratio for these three ICPs was 6 and the greatest difference in mortality at any single concentration was 54%.
Cry1E and Cry2B exhibited little or no toxicity to either strain ( Table 2) . None of the ICPs tested was significantly more lethal to NO-QA than to LAB-P; i.e., no negative cross-resistance occurred.
Amino acid sequence similarity. The pattern of responses from bioassays correlated well with a dendrogram based on levels of amino acid sequence similarity for domain II (Fig. 1 ), but not with a dendrogram based on levels of amino acid sequence similarity for domain I or III (Fig. 2 and 3) . On the basis of the bioassay results summarized above, we expected that the level of amino acid sequence similarity to Cry1A ICPs in specificity-determining regions would be greater for Cry1F and Cry1J than for the other ICPs tested. In the domain II dendrogram, the three Cry1A ICPs cluster tightly (Fig. 1) . Also, in the domain II dendrogram, Cry1J and Cry1F are immediately adjacent to the Cry1A cluster. In the domain I dendrogram, Cry1D and Cry1E are closer to the Cry1A cluster than Cry1F and Cry1J are (Fig. 2) . In the domain III dendrogram, Cry1Ac is widely separated from Cry1Aa and Cry1Ab (Fig. 3) . Also, in the domain III dendrogram, Cry1J is close to Cry1Aa and Cry1Ab, but several toxins, including Cry1Bb and Cry1I, intercede between the Cry1Aa-Cry1Ab pair and Cry1F. Clustering of Cry1F and Cry1J with Cry1As for domain II, but not for domain I or III, also occurs in previously published dendrograms (46) . These dendrograms for 23 lepidopteranactive ICPs were derived by using a different program (PILE UP from the Genetics Computer Group computer package) and a somewhat different set of ICPs (46) than the program and ICPs used in the present study. Thus, it appears that the domain-specific clustering patterns of Cry1F and Cry1J relative to Cry1A are robust. Each ICP for which the resistance ratio was Ͼ100 is shown in boldface type. Resistance ratios were not determined (ND) for Cry1E and Cry2B because these toxins had little or no toxicity to susceptible or resistant larvae. Cry1G, Cry1H, Cry9C, and Cry9A were not tested against diamondback moth strains LAB-P and NO-QA. a Level of mortality 5 days after initial exposure to the toxin, adjusted for mortality in untreated controls (1), based on three to nine replicates of 7 to 11 treated larvae and total sample sizes ranging from 30 to 91 larvae per concentration per strain and 20 to 82 untreated control larvae per strain.
b Data from reference 42. c Strain NO-QA is highly resistant (the resistance ratio is Ͼ100, and the level of mortality at one or more concentrations in strain NO-QA is at least 90% lower than that in strain LAB-P).
d Data from reference 41. e Strain NO-QA is highly cross-resistant (for criteria, see footnote c). f Concentration in milliliters of Mycogen formulation MYX837-446 per liter.
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DISCUSSION
The correlation between cross-resistance in strain NO-QA of the diamondback moth and amino acid sequence similarity among ICPs was stronger for domain II than for domain I or III. These results support the hypothesis that domain II contains residues that are important in determining the specificity of ICPs for the diamondback moth. In particular, these results suggest that the mutation or mutations conferring resistance to ICPs in strain NO-QA alter the insect's interactions with domain II.
The responses to H04 also suggest that it is not the interaction with domain III that is altered in NO-QA larvae. NO-QA larvae were highly resistant to this recombinant ICP, which contains domains I and II from Cry1Ab and domain III from Cry1C. If altered interactions with domain III caused the difference in susceptibility between NO-QA and LAB-P, one would expect the toxicity of H04 to resemble that of Cry1C, but it did not.
On the basis of evidence suggesting that resistance in the diamondback moth is associated with reduced binding of Cry1A toxins (5, 13, 39, 45) , we suspect that reduced binding of domain II confers resistance in the diamondback moth. Direct tests of this hypothesis will require examination of binding to hybrid ICPs, such as H04.
The data for H04 alone do not exclude a potential role for domain I in determining specificity. However, domain I is thought to be involved primarily in pore formation (19, 23) rather than specificity. Furthermore, the amino acid sequence similarity in domain I shows little correlation with patterns observed in bioassays performed with the diamondback moth ( Fig. 1 ) (see also Fig. 4 in reference 46) .
Structural considerations (19, 23) and experimental results obtained with other insects (24, 25, 34, 50) suggest that the loop regions of domain II are involved in binding and specificity. Previously published results obtained with natural variants of Cry1Ac suggest that what is now considered loop 3 of domain II (19) affects toxicity to susceptible diamondback moth larvae (48) . An inspection of alignments (Fig. 4) in which Cry1Aa was used as a reference point (19) revealed that loop 2 (Cry1Aa residues 367 to 379) and loop 3 (Cry1Aa residues 438 to 446) vary considerably in size and sequence among the five ICPs that were highly toxic to LAB-P but not to NO-QA (Cry1Aa, Cry1Ab, Cry1Ac, Cry1F, and Cry1J). However, loop 1 (Cry1Aa residues 310 to 313; HRGF) seems to be the same size in all five of these ICPs. Furthermore, each of these five ICPs has an arginine in the second position in loop 1. In contrast, of the six ICPs that were toxic to both strain LAB-P and strain NO-QA (Cry1Ba, Cry1Bb, Cry1C, Cry1D, Cry1I, and Cry2A), only Cry1C has a loop 1 that is the same size as the loop 1 of the three Cry1As, Cry1F, and Cry1J. Serine rather than arginine occurs in the second position of loop 1 of Cry1C. Thus, our data suggest that interactions with loop 1 may be altered in resistant NO-QA larvae. Loop 1 of Cry1E matches loop 1 of Cry1As, Cry1F, and Cry1J in size and also has arginine in the second position. Nonetheless, Cry1E did not bind to diamondback moth brush border membrane vesicles (26) and did not kill susceptible or resistant diamondback moth larvae (13, 41, 45) . These data suggest that loop 1 is necessary, but not sufficient, for binding and toxicity of Cry1As, Cry1F, and Cry1J to the diamondback moth.
A comparison with the results of studies of resistance and cross-resistance in other strains of the diamondback moth and other species of moths revealed some intriguing similarities and differences. Resistant strains of the diamondback moth derived from field-selected populations in The Philippines (13) , Florida (45) , and Hawaii (Tables 1 and 2 ) all exhibit a relatively narrow spectrum of cross-resistance. In particular, (19) . The order in which the toxins are listed corresponds to the order on the dendrogram based on levels of amino acid sequence similarity of domain II (Fig. 1) .
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independent studies of each strain showed that more than 100-fold resistance to one or more Cry1A toxins conferred less than 10-fold cross-resistance to Cry1B or Cry1C (13, 39, 41, 42, 45) . The resistant strains from Florida (45) and Hawaii also exhibited less than 10-fold cross-resistance to Cry1D. Cry1D was potent against resistant strains from Florida (45) and Hawaii, as well as susceptible strains from New York (45) and Hawaii. Thus, it appears that the lack of toxicity initially reported for Cry1D against a susceptible strain from The Netherlands and a resistant strain from The Philippines (13) might be indicative of the specific preparation that was tested or the particular bioassays conducted rather than a general trait of Cry1D.
Cry9C from B. thuringiensis serovar tolworthi was highly toxic to both susceptible and Cry1A-resistant strains of the diamondback moth (20) . The lack of cross-resistance between Cry1A and Cry9C and the low degree of similarity of these toxins in domain II (Fig. 1) are consistent with the patterns obtained for Cry1B, Cry1C, Cry1D, and Cry1I noted above.
The toxicity of Cry1E to three sets of susceptible and resistant diamondback moth strains was low or nil (13, 41, 45) . In two independent studies, the potency of Cry2A against susceptible diamondback moth larvae was less than the potency of Cry1A (42, 45) . Resistance to Cry2A was either low (42) or nil (45) .
Like diamondback moth strain NO-QA, tobacco budworm (Heliothis virescens) strain YHD2 selected with Cry1Ac exhibited high levels of cross-resistance to Cry1F and little or no cross-resistance to Cry1C and Cry2A (17) . In both of these resistant strains, inheritance of resistance to Cry1A toxins is partly to completely recessive, one or a few major loci are the primary determinants of Cry1A resistance, and some evidence indicates that reduced binding is associated with resistance (12, 17, 21, 43) . Thus, data obtained with the diamondback moth and the tobacco budworm show that even in cases of relatively narrow cross-resistance associated with reduced binding of Cry1A toxin, cross-resistance can extend beyond the Cry1A family of toxins. The results of an amino acid sequence similarity analysis suggest that in such cases, cross-resistance is restricted to toxins that are similar to Cry1A in domain II (e.g., Cry1F and Cry1J). Additional tests will be needed to see if this pattern occurs with other strains and other species.
Like patterns seen in resistant strains of the diamondback moth and in strain YHD2 of the tobacco budworm, resistance to Dipel in the Indianmeal moth (Plodia interpunctella) is associated with reduced binding of Cry1Ab (47) and exhibits partially recessive inheritance (12) . Strains of the Indianmeal moth selected with Dipel also show little or no cross-resistance to Cry1B, Cry1C, and Cry2A (28, 47) . Somewhat surprisingly, Cry1Aa was much less toxic than Cry1Ab or Cry1Ac to a susceptible strain of the Indianmeal moth (28) . Also, a Dipelresistant strain of the Indianmeal moth exhibited only 6-fold resistance to Cry1Aa, compared with 260-fold resistance to Cry1Ab and 2,800-fold resistance to Cry1Ac (28) . These data suggest that patterns of resistance associated with reduced binding of Cry1A toxins may not be uniform across species of moths. Perhaps more importantly, broad-spectrum cross-resistance that is not associated with greatly reduced binding has been reported in laboratory-selected strains of tobacco budworm and beet armyworm (Spodoptera exigua) (18, 30) .
The first published data on cross-resistance among B. thuringiensis toxins suggested that resistance to Cry1Ab was associated with increased susceptibility to Cry1C in the Indianmeal moth (47) . This apparent pattern of negative cross-resistance, which would have been a great boon to resistance management, was not reproducible in the Indianmeal moth (28) and has not been seen in extensive tests with various resistant strains of any other insect. None of 16 B. thuringiensis toxins tested against three resistant strains of the diamondback moth (5, 13, 20, 39, 41, 42, 45) was significantly more toxic to a resistant strain than to a susceptible strain. We conclude that negative cross-resistance among B. thuringiensis toxins is unlikely. Switching of toxins may have some utility, particularly to combat relatively narrow resistance, such as that observed in the diamondback moth. Any tendency toward restoration of susceptibility to one toxin during selection with another toxin would also enhance the success of this tactic. However, the number of toxins that are effective against any particular resistant strain may be quite limited, which underlines the need to use B. thuringiensis judiciously.
